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1. Introduction 
Although the enzyme pyruvic kinase 
(EC 2.7.1 A0) has been studied extensively and the 
specificity for monovalent and divalent cations and 
phosphoenolpyruvate have received considerable at- 
tent!on, there has been no detailed analysj~ of the 
specificity for the nueleotide Substrate:Earlywork 
on this er~zyme indicated that:thO haturai analogs of 
ADP such as GDP, IDP, UDP and CDP [1-3] could 
all serve as substrates but these findings were believed 
to be ambiguous because of the contamination f the 
enzyme with nucleoside diphosphokinase [4]. The 
possible contribution of such a contamination tothe 
apparent lack of specificity of pyruvic kinase was re- 
examiaed by Plowman and Krall [5] with a more 
highly purified preparation and they concluded that 
this was not the explanation. They also measured the 
kinetic constants for ADP, IDP, GDP, CDP, UDP 
and dADP and found relatively small variation in 
the apparent Vm~ x for the purine nucleotides over 
the pH range of 6.5 to 8.0 suggesting that either 
~here is little structural specificity or that key 
aherations in the structure had not yet been exam- 
ined. An indication ttiat Specificity for the pyre- 
phosphate by Setondji et 
al. [6] who reported that adenosine,5'.hypophos. 
phate is :~ very poor sUbstra¼e 0rinhibit0r for pyruvic 
kinase. The structural variations existing in the com- 
pounds tudied to date are relatively small and we 
felt a more detailed examination: may provide impor. 
~ant clt,es regarding the requirements Cor binding and 
catalysis. We have used a series of synthetic and natu. 
ral analugs of ADP to evaluate thg relative importance 
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of the adenine ring, ribo~ and glycosidic bond. Our 
conclusion is tl,.at 2'. and 3'-eis hydroxyls of the 
ribose and t~e vg.glycosidic bond are of major im- 
portance in determining the reactivity of the nucle- 
otide substrato f rabbit muscle pyruvic kinase. 
2. Materials a~d methods 
Rabbit muscle pyruvic kinase (A grade) and rab- 
bit m!tscle lactic dehydrog~nase, :(A grade)were 
ob t a ln ed fro m Calbiocheman d aliqu0t Swere •pre- 
paredi:for Use daily by dilution with 50 ~ 
Tris-HC! pH 7.5, Desalting these enzymes with 
Sephadex G22~ prio~: to:~e ha::d no si~ificani " , effect 
of theg  m and Vma ~ for ADPand:this:treatment 
was therefore not carried out for the ex~riments 
described below. Solutions of NADH (P-L Biodtem. 
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Table i
Variation ofapparcm Kta and Vma x tot the nucleolide substtate of rabbit muscle pytuvic kinaxe ~:tth ~,tteration~ of t~e adenine 
d._ng, rt_bos, e and p_asiti.o._n .0f t_h_e. 8!~ _eO_Lid_i_e .bP.n d..~ . . . . . . . . . . . . . . . .  
: +xpt. sa  Pro+ x + sD . . . . . . . . .  
+: . . . . . . . .  K m (ADP) tAD i.) • No. Cotapouttd ( raM)  {ptaolesltainlmg) Vmax 
l ADP 0.35 ± .13 121 + 3 . . . .  
I 0.53 ± .06 64 :~ i 1.51 0.53 
i l  0 .58 ± .28 69 ± 5 1.66 0+57 
Ill 0.49 ± .12 135 ~ 6 1.40 l.l 1 
IV 2+32 ± .18 10t ± 2 6.57 0.84 
V 0.17 ± +13 108 + 6 0.49 0,89 
V1 0.19 ± .19 49 ± 8 0.54 0.4t 
Wil !.22 ± .04 84 ~ 1 3.43 tL69 
ADP 0.29 ± .03 130 +- 4 . . . . .  
VIII 1.67 : .16 29 ± 0.5 5.53 9,22 
IX 2.11 ~ .20 I I ± 0.2 7.24 9.08 
X 1.43 :t .20 4 -+ 0.2 4.93 ~.03 
Xt Not a st~b.,tttate 
XIt Not  a substratc 
Xill 0.72 * .22 2.8 +. 0.1 Z49 3.02 
* 
The assay conditions were as follow~: $0 mM TrI.~-HCI, ?.0 mM MgCi2, 75 mM KCI, t.O mM PEP, 0.2 mbl NADlt, 3 units lactic 
&hydrogena~, varying amo~nt~ el" n~cleoslde dipho~,phat¢ and water to a final v~|utae of 305 #~ and a final pH t,f 7.5. AfteL 
~eineubation for 5 tain at 25* the reaction was started by the addition ot'a 5 u! aliquot containing 0.05 units of pvruvate 
kina+,c. 
teals) were prepared aily. The coupling enzyme,  
lactic dehydrogena~,  was present in 6a-fold excess 
us recommended by Pan and Bondar [7].  The min- 
imum concentrat ion range tested with all nuclc. 
at[des was 0.5 to S tittles the K m value and in most 
eases the range was larger. Seven to nine ditTerent 
concentrations were tested i .  duplicate. All volume 
measurements were made with Hamilton syringes and 
the rates determined with an IBM 1620 computer  
and a modif ication o f  the program described by 
Clot:rod 18]. The synthetic nucleotides were pre- 
~a~cd as previously described 19] and were ctnlverled 
~0 the potassium salts prior to use. The strm:tures of  
~he compounds used are shown in fig. I. 
3. Results  and  d i~uss ion  
The kinetic constants obtained with the com- 
pmmds t~sted as substtates l't~r pyruvic kinase ¢.re 
slmwn in. table !. The average of  about 0.3 mM lL~r 
lhe K m of  A.DP is in reasonable agreement wi,h the 
previuusly tepor led values of  0,2 mM 15,t% I01 .0 .3  
mM [I I ] ,nd 0.36 mM [71 . Multiple experiments were 
carried out with ADP and dADP to evaluate the repro- 
ducibility o f theK  m and I/ms x ratios. In four separate 
experinmnts he K m ratios [K m (XDP)/K m (ADP)] were 
5.53, 6.14, 5.90 and 5.41 while the Vma~: ratios [ I"ma x 
(XDP)/l/ma.v (ADP)] were 0 .22 ,0 .18 ,022 m~dO,23. 
Experiment 1 in table 1 summarizes the effects 
produced by alterations in the adenme ring o f  ADP. 
Tire most striking feature is that fairly extensive 
aherations cause little change in I~nax. Even the 
ieasl active member of  the group, compound VI, has 
a l'ma x that is about 40% that of ADP. Similarly, 
the effects on the apparent Km are not very large ex- 
cept in the case o|' IDP (compound IV) and GDP 
lcompound VII). 
In contrast o  the ~esutts ~n experiment 1, all o f  
lhe changes in the rtboxe that were tested (exper- 
iment 2~ produced substantial inhibition o f  both the 
apparent binding and catalysis. Removal o f  the hy- 
droxyl gloup at the 2'-position (compo~md VIII) - r  
at the 3'.position (compound IX~ or changing the 
adjacent ci.~ hydroxyls to trans (compotmd X) all 
produce large deleterious eflk~cts. Compotmd Xi Ii 
I ~) 
Volume 30, number 1 FEBS LE'I[TERS February 1973 
has the glycosidic linkage at position 3 tff the ade- 
nine ring rather than at position 9 as in ADP. It is 
interesting that this change causes an almost com- 
plete loss o f  catMytic activity. Leonard and l_aursen 
I121 reported that this type of  analog can function 
as a substrate for adenylate kinase, luciferase, poly- 
nucleotide phosphorylase and hexokinase although 
they did not measure the kinetic constants. Hohnadel  
and Cooper [I 3] found that the tr iphosphate an'dog 
of  compound XII! gave a K m ratio of  2.7 and a 
[~zax rat io o f  0.48 with yeast hexokinase. Hohnadel 
and Cooper [91 also found that compound Xll l  can 
serve as a phosphate acceptor for oxidative phospho- 
rylation catalyzed by mitochoadrial  inner membrane 
particles. Converting the cis hydroxyls to the bulky 
isopropylidine derivative (compound XI) or re- 
placing the ribose with glucose (compound Xll) 
leads to a complete loss of  activity_ Compound XI, 
which is unable to serve as a substrate, was tested for 
its ability to inhibit the reaction when ADP was the 
substrate. There was no detectable ffect at concen- 
trations up to 6.8 mM indicating that it probably 
does not bind to the enzyme in the presence or ab- 
sence of  AI)P. This is ia contrast o the finding made 
with yeast hexokinase, in the latter case the triphos- 
phate analog o f  compound Yd behaved like a compet-  
itive inhibitor with a K i of about 2.5 mM [13]. We 
did not have sufficient amounts of compound Xll to 
test its ability to act as an inhibitor o f  pyruvate 
kinase. We have previously found that the 2'- and 
3'-cis hydroxyis are also of  major importance for 
yeast hexokinase [ 13 ]. 
Klenow and Anderson [ 14] were probably the 
first to note that dADP was a relatively poor sub- 
strate for pyruvic kina~e but they tested only a single 
concentration. Although Plowman and Krall 151 
carried out a kinetic analysis with dADP and found 
it had a very high K m , it was the only compound o f  
those they tested that could have provided infor- 
mation concerning the importance o f  the ribose in 
this reaction_ Our  results therefore provide the  first 
clear demonstrat ion that the ribose moiety  o f  ADP 
and its linkage to the adenine ring are o f  considerable 
importance with t'egard to the specif icity and catal- 
ysis o f  the pyruvic kinase reaction. 
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